In the early development of quantum information processing (QIP), a communication protocol called quantum teleportation was discovered (1) that involves 1
the transportation of an unknown arbitrary quantum state |ψ by means of entanglement and classical information. Experimental realizations of quantum teleportation (2, 3) and more advanced related operations (4) in the continuous-variable regime have been achieved by linear optics methods, although only for Gaussian states so far. However, at least third order nonlinear operations are necessary for building a universal quantum computer (5)-something that Gaussian operations and Gaussian states alone cannot achieve. Photon subtraction techniques based on discrete-variable technology can provide useful nonlinearities and are used to generate Schrödinger's-cat states and other optical non-Gaussian states (6) . Schrödinger's-cat states are of particular interest in this context, as they have been shown to be a useful resource for fault-tolerant QIP (7) . It is therefore necessary to extend the continuous-variable technology to the technology used in the world of non-Gaussian states.
We have combined these two sets of technologies, and here we demonstrate such Gaussian operations on nonclassical non-Gaussian states by achieving experimental quantum teleportation of Schrödinger's-cat states of light. Using the photon-subtraction protocol, we generate quantum states closely approximating Schrödinger's-cat states in a manner similar to (8) (9) (10) (11) . To accommodate the required time-resolving photon detection techniques and handle the wave-packet nature of these optical Schrödinger's-cat states, we have developed a hybrid teleporter built with continuous-wave light yet able to directly operate in the time domain. For this purpose we constructed a time-gated source of Einstein-PodolskyRosen (EPR) correlations as well as a classical channel with zero phase dispersion (12) . We were able to bring all the experimental parameters up to the quantum regime, and we performed successful quantum teleportation in the sense that both our input and output states are strongly nonclassical.
A superposition of the quasi-classical coherent state |α is one of the consensus definitions of a Schrödinger's-cat state |cat , typically written |cat ∝ |α ± | − α . Such optical Schrödinger's-cat states are known to be approximated by multiple photon subtractions from a squeezed vacuum state (6) . In these protocols, a squeezed vacuum stateŜ(s)|0 is weakly tapped via a subtraction channel, where |0 is the vacuum state andŜ(s) the squeezing operator with squeezing parameter s. When a photon detection event occurs in the subtraction channel,Ŝ(s)|0 is projected by the quantum action of the photon detector onto a non-Gaussian state, which can be tuned to approximate a Schrödinger's-cat state (8) (9) (10) . The approximation is not perfect and can be quantified by means of the
To represent the superposition nature of these states, we use the Wigner formalism where for any quantum state |φ one associates a quasi-probability distribution W (x, p), where x and p are the phase-space position and momentum parameters. W (x, p) is called the Wigner function and holds information exactly equivalent to |φ (14) . Although the positionx and momentump quadratures operators and the vector state |φ are abstract objects, W (x, p) is always a definite real-valued function that can be numerically reconstructed if one performs a complete phase-resolved sequence of homodyne measurementx cos θ +p sin θ, a process called quantum tomography (15, 16) . W (x, p) is not a true probability distribution, however, as there exist quantum states whose Wigner functions are not positive. |φ is defined to be a strongly nonclassical state when its Wigner function W (x, p) fails to be a positive distribution. Negativity in W (x, p) turns out to be an especially useful description of the nonclassicality of a Schrödinger's-cat state |cat ; |α and | − α induce two "classical" Gaussians in phase space, the superposition of which creates an oscillating interference pattern inducing negativity in W (x, p). In contrast, a statistical mixture of |α and | − α would never show such negativity.
In a quantum teleportation process, the input W in and output W out Wigner functions are related by the convolution (noted •)
where r is the EPR correlation parameter, G σ is a normalized Gaussian of standard deviation σ, andh (Plank's constant divided by 2π) has been set to 1 (17) . When finite quantum entanglement r is used, W out will be a thermalized copy of W in .
Only with infinite r will G σ become a delta function so that W in = W out . The quality of quantum teleportation is usually evaluated according to the teleportation fidelity F tele = φ in |ρ out |φ in , which can be written as F tele = 1/(1 + e −2r ) for Gaussian states (18) . More importantly for our case, negative features of W in (if any) can only be teleported and retrieved in W out when F tele ≥ 2/3 (19), a threshold also known as the no-cloning limit (20) . However, the practical lower bound on F tele will be higher because of decoherence and experimental imperfection of W in (21) . We have thus defined the success criterion of Schrödinger's-cat-state teleportation as the successful transfer of its nonclassical features, or alternatively, successful teleportation of the Wigner function W in negativity.
Our experimental quantum teleporter and Schrödinger's-cat-state source ( tor for tomography at the teleporter output. We emphasize that Alice and Bob do not assume any prior knowledge of the input state and adhere to unity-gain teleportation, so that the teleporter does not have any restriction regarding the specific family of quantum states it can faithfully teleport.
To benchmark our teleporter, we first evaluate the fidelity F tele of teleportation of the vacuum state |0 , the coherent state of amplitude zero. At quantum optical frequencies where the mean thermal photon number is virtually 0, this is simply done by blocking the input port of the teleporter. The teleported vacuum photocurrent is expected to have uniform Gaussian statistics with a variance σ 2 = 1/2 + e −2r (h = 1) from which we can deduce teleportation fidelity (Fig. 2 ).
The blue traces are the shot-noise level, the noise spectrum of the input vacuum In essence, our teleporter is a time-resolved apparatus that deconstructs the input wave packets into a stream of infinitely small time bins and reconstructs them at the output, within the extent of what we refer to as the teleportation bandwidth. This bandwidth is clearly visible in both green experimental traces where the added noise slowly increases with frequency ( Fig. 2 ). This is a direct consequence of the finite bandwidth of squeezing used for entanglement. However, across the frequencies relevant to our input state, teleportation fidelity is always greater than the no-cloning limit of 2/3, a necessary regime for negativity teleportation. A very careful implementation of the classical channel has been required (12) to achieve experimental realization of this fidelity.
To verify the success of Schrödinger's-cat-state teleportation, we perform experimental quantum tomography of the input and output states independently ( to select the degenerate central mode of OPO1 only. The photon detection rate is 9000 ± 500 events per second. The dark count rate is 120 ± 20 events per sec-ond, for a event-to-dark-counts ratio of 66 ± 6. The actual values of R and s are the result of optimization between event rate and squeezing purity. Rather than maximizing the overlap with the nearest cat state, we are actually more concerned in the input state negativity W in (0, 0) since our criterion of success is negativity W out (0, 0) of the output teleported state. By lowering the pump beam power, the purity of the squeezing is increased which is beneficial for the input state central negativity W in (0, 0). Furthermore it reduces the probability of higher order pairs of photons which is also beneficial for W in (0, 0). However it decreases the event-to-dark-counts ratio, which increases W in (0, 0).
Broadband teleportation
Compared to the bandwidth of OPO1 used for the generation of Schrödinger's cat states, we use broader bandwidth OPOs for the EPR entanglement source. Both Bob at the output of the teleporter, both detrimental to the quality of teleportation.
Finally the gain of the classical channels is adjusted to unity following the method of (3).
Homodyne detection and tomography
The 
Estimation of photon size and Schrödinger's cat state fidelity
From the experimentally reconstructed density matrices, we calculate the input and output state average photon number n using the formula n = tr (nρ) = N n=1 nρ nn (3) where N + 1 is the photon size of the Hilbert space used in the maximumlikelihood iteration algorithm (N = 15 1 ). To calculate the Schrödinger's cat state fidelity F cat = cat|ρ|cat we express the scalar product in phase space as
where Wρ is the Wigner function associated to the density matrixρ. Our target Schrödinger's cat state is the so-called odd-cat state (|α − | − α )/ √ N where N is a normalization factor expressed as 2(1 − exp[−2α 2 ]) and α is a real number.
Its Wigner function W cat is given as
To estimate the fidelity to the nearest odd-cat state, using our reconstructed density matrixρ and the above expression of W cat we evaluate numerically the integral (3) and look for its maximum value over the free parameter α.
Evolution of negativity in the teleportation
Using equation (1) we want to predict the expected negativity at the output of the teleporter given the EPR correlation parameter r and the input Wigner function W in . As W in is neither a pure state nor a Gaussian state there is no easy way to characterize it and we need to use a theoretical model to approximate the experimentally measured W in . The model proposed in (21) uses a mixture of vacuum |0 and one photon state |1 written 
Using the measured input state negativity we calculate η = 0.77. From the measured squeezing of OPO2 and 3 we deduce r = 0.795, from which we calculate W 
with λ =
1−η 2η
and G σ a normalized Gaussian of standard deviation σ. Using again equation (1) on W (3) we finally derive the output negativity W 
out (0, 0) = −0.0247. We notice that the output negativity is increased when using the second model of input state.
This can be understood when looking at the higher value of η needed to fit the input negativity W in (0, 0). Therefore W (3) is actually a purer state than W (1) and is easier to teleport in term of negativity.
